Selective autophagy is critical for regulating cellular homeostasis by mediating lysosomal turnover of a wide variety of substrates including proteins, aggregates, organelles, and pathogens via a growing class of molecules termed selective autophagy receptors. The molecular mechanisms of selective autophagy receptor action and regulation are complex. Selective autophagy receptors link their bound cargo to the autophagosomal membrane by interacting with lipidated ATG8 proteins (LC3/GABARAP) that are intimately associated with the autophagosome membrane. The cargo signals that selective autophagy receptors recognize are diverse but their recognition can be broadly grouped into two classes, ubiquitin-dependent cargo recognition versus ubiquitinindependent. The roles of post-translational modification of selective autophagy receptors in regulating these pathways in response to stimuli are an active area of research. Here we will review recent advances in the identification of selective autophagy receptors and their regulatory mechanisms. Given its importance in maintaining cellular homeostasis, disruption of autophagy can lead to disease including neurodegeneration and cancer. The role of autophagy in cancer is complex as autophagy can mediate promotion or inhibition of tumorigenesis. Here we will also review the importance of autophagy in cancer with a specific focus on the role of selective autophagy receptors.
INTRODUCTION
Macroautophagy (referred to hereafter as autophagy) is a conserved eukaryotic cellular catabolic pathway that degrades cellular organelles and other macromolecules via the lysosome as part of a recycling and protective process to maintain cellular fitness at a basal state as well as during stress [1, 2] . The process involves the coordinated activity of a family of autophagy-related (Atg) proteins to mediate sequestration of cargo in a double membrane vesicle (autophagosome) that then fuses to a lysosome (autolysosome) filled with, among other components, lysosomal enzymes, allowing for degradation of cargo such as damaged organelles or toxic protein aggregates. This is followed by the recycling of breakdown products to be used in bioenergetic and anabolic pathways ( Figure 1 ) [3, 4] . While initially thought to be a bulk degradative pathway stimulated in response to cellular stressors, including starvation, research over the last decade has identified selectivity in the pathway for the identification of specific cargo for autophagic degradation [5, 6] . Studies now suggest that multiple forms of selective autophagy are continuously active at some basal level in order to maintain cellular homeostasis whereas specific stimuli can activate selective autophagic pathways in order to address the particular stressor [7] . Coincident with its importance in maintaining cellular homeostasis, the disruption of selective autophagy pathways has been shown to play a role in diverse disease processes including neurodegeneration, atherosclerosis, and cancer [2, [8] [9] [10] [11] Selective autophagy is characterized by the following principles, not necessarily stepwise or all required, as discussed below: 1. Presence of a degradation cue, 2. Cargo recognition via a so-called 'selective autophagy receptor' protein, 3. Recruitment of autophagosome machinery/membrane for eventual delivery to the lysosome for degradation [12] . Selective autophagic pathways are generally named for the cargo destined for degradation and include aggrephagy (protein aggregates), ferritinophagy (ferritin), mitophagy (mitochondria), xenophagy (pathogens, including bacteria), and ER-phagy (endoplasmic reticulum), among many (Tables 1-2) [5, [13] [14] [15] [16] [17] [18] . While not intended to be a comprehensive review of the rapidly expanding field of selective autophagy (we point the reader to several excellent reviews on the subject [5, 6, 19, 20] ), we will review the molecular mechanisms of the selective autophagic process and focus on recent progress in identification of new selective autophagic pathways. Lastly, we will further identify the current challenges and bottlenecks to future major advances in the field of selective autophagy and, most importantly, determine with ATG16L1 acting as an E3 then catalyzes the conjugation of phosphatidylethanolamine to the C-terminus of ATG8s. The lipidated ATG8 form of MAP1LC3B is termed 'LC3B-II.' This form is tightly associated with autophagosomal membranes.
Numerous studies indicate that ATG8 proteins function as adaptors for recruitment of selective autophagy receptors as well as regulatory proteins to autophagosomes [35, 38] . Yeast contain a single ATG8 protein, but in mammals seven ATG8 proteins in two structurally related sub-families (MAP1LC3A,B/B2 & C, and GABARAP, GABARAPL1, & GABARAPL2 (also known as GATE-16)) are expressed, suggesting complex diversification of their functions [35] . Our understanding of how the seven mammalian ATG8 proteins control selective autophagy is limited, and the extent to which the two ATG8 subfamilies -LC3 and GABARAP -play unique or redundant roles in selective autophagy is not entirely clear. Many ATG8-associated proteins, including selective autophagy receptors, contain short linear peptide sequences that bind directly to ATG8s -the so-called LIR motif (LC3 interacting region) [39] [40] [41] . LIR motifs typically contain a W/F/Y-X-X-ψ sequence (ψ, hydrophobic residue: L/I/V, X is any residue), and often are preceded by acidic residues or by phosphorylation sites (as discussed in the section below), which modulate ATG8 binding. Non-canonical LIR sequences also exist suggesting further molecular determinants of ATG8 interacting proteins may yet be uncovered [42] . In-depth reviews of the importance of the LIR motif in selective autophagy and autophagosome machinery are presented elsewhere [39, 41] .
Upon autophagy activation, an incipient autophagosome is formed from pre-existing membrane sources. The source of autophagosomal membranes is an active area of research with multiple studies pointing to various sources (endoplasmic reticulum, Golgi complex, mitochondria, endosome, plasma membrane) [43, 44] . The most likely scenario, and particularly relevant to selective autophagy, is that there are multiple membrane sources and that the source of membrane may be linked to the specific cargo being targeted due to spatial co-localization (e.g. in the case of ER-phagy or mitophagy). Regardless, the forming autophagosome engulfs cytoplasmic components, fuses to form a double-membrane autophagosome, and subsequently fuses with the lysosome leading to content degradation within an autolysosomal organelle. The products generated by lysosomal degradation are then released into the cytoplasm where they can be reused.
While macroautophagy is the most well-studied and robust pathway for selective autophagy, other lysosome-directed selective autophagic pathways exist including microautophagy and chaperone-mediated autophagy, reviewed elsewhere [45] [46] [47] . In addition, macroautophagy has been shown to be active in non-canonical pathways including LC3-associated phagocytosis, where additional research is necessary to understand the regulation and potential selectivity of these pathways [48, 49] .
can be broadly grouped into two categories based on how they recognize cargo: ubiquitindependent versus non-ubiquitin mediated recognition [6] . As detailed above, the majority of autophagy receptors physically link to autophagosomal membranes via the phosphatidylethanolamine-conjugated ATG8 proteins, which are intimately associated with the initiation of autophagosomes as well as autophagosome and lysosome fusion steps. Selective autophagy receptors have been studied in detail in yeast and mammalian systems. While much of the core machinery for autophagosome initiation has been conserved and common pathways exist for specific cargo, there is significantly less conservation between yeast and mammalian cells with regards to the machinery for selective autophagy [50] . The study of selective autophagy pathways in mammalian cells has revealed important clues to their roles in disease-related processes [8, 9] . Here we will focus on several aspects of mammalian selective autophagy receptors while also highlighting the parallel conserved pathways in yeast. Specifically, we will provide an overview of the two classes of selective autophagy receptors, how they recognize cargo, how they are regulated, and their importance in various disease processes. We will provide salient examples for each different class of selective autophagy receptor. At this point, given the expansion in number of identified selective autophagy receptors [6] , no one review can fully encompass all known selective autophagy receptors but accompanying tables provide an ongoing resource of many of them (Table 1-2) .
Selective autophagy receptors: ubiquitin-mediated cargo recognition
With the identification of the original mammalian selective autophagy receptors, it was clear that there was a central role for ubiquitin in selective autophagy. In the classic example, aggregates of either aberrantly folded or unused proteins are ubiquitylated and bound by ubiquitin-binding domain (UBD) containing receptors such as p62/SQSTM1 for subsequent delivery to the autophagosome for lysosomal degradation ( Figure 2 ) [51, 52] . It is clear that there is a cooperative function of the autophagy-lysosome system with the ubiquitinproteasome system to manage the turnover of damaged proteins to maintain the proteome [53] . However in contrast to the ubiquitin-proteasome system that requires unfolding of substrates for degradation via the proteasome core, the autophagy-lysosome system is capable of handling much larger protein aggregates or tightly folded proteins without a requisite unfolding step [53] . Subsequent to the discovery of p62/SQSTM1 (hereafter referred to as p62), a slew of autophagy receptors that recognize ubiquitylated cargo were identified including NBR1, Optineurin (OPTN), TAX1BP1, NDP52/ CALCOCO2, TOLLIP, and RPN10 (Table 1) [54] [55] [56] [57] [58] [59] . Interestingly, there is some overlap in specificity for ubiquitylated cargo among selective autophagy receptors, including for ubiquitylated aggregates (p62, NBR1, OPTN, TOLLIP), bacteria (p62, OPTN, NDP52, TAX1BP1), mitochondria (OPTN, NDP52, TAX1BP1), and the midbody of cells (p62, NBR1). In some cases, as discussed below in the case of mitophagy, this overlap is cooperative to mediate delivery to autophagosomes [60, 61] . In other cases, such as xenophagy, multiple different autophagy receptors appear capable of mediating the process individually [62] . This suggests that there is another layer of complexity and regulation with regards to recognition of cargo or activation of specific selective autophagy receptors in response to selective autophagy stimuli. Indeed, post-translational modifications of both the selective autophagy receptors as well as the cargo (and in some cases ubiquitin itself on the cargo) are integral to regulating autophagy receptor function [55, 60] . There remain many questions with regards to the role of ubiquitin signals in selective autophagy, such as what the contribution of ubiquitin chain length and linkage are to cargo selectivity.
Clues to the regulation of activation of selective autophagy receptors by post-translational modifications came from a study on OPTN [55] . Here, a conserved TANK binding kinase 1 (TBK1) phosphorylation site just upstream of the LIR motif (serine 177) was identified on OPTN as important for enhancing LC3 binding affinity thereby promoting increased xenophagy (discussed below). Notably, TBK1 is activated by microbe-derived lipopolysaccharide (LPS) thereby providing a link between sensing of bacterial burden with activation of selective autophagy for clearance [63] . Subsequent work has demonstrated a similar importance of phosphorylation adjacent to a LIR motif for enhancing LC3 interaction by the mitophagy receptor BNIP3. Conversely, dephosphorylation adjacent to the FUNDC1 LIR motif enhances LC3 interaction and regulates hypoxia-induced mitophagy [64, 65] . While not a conserved mechanism for all selective autophagy receptors, integration of a degradation signal with phosphorylation/dephosphorylation adjacent to a LIR motif leading to enhanced selective autophagy receptor activity is nonetheless one example of how selective autophagy receptors can be regulated.
Further work is needed to precisely define how selective autophagy receptors encode specificity within cells, as well as potentially different selectivity in distinct cell types. In addition, there is further complexity in these pathways given many of the selective autophagy receptors have non-autophagy functions [66] . Below we highlight the role of p62 in selective autophagy as well as the process of PINK1/PARKIN mediated mitophagy to highlight the above-discussed principles of selective autophagy receptors that recognize ubiquitylated cargo.
p62: multi-functional selective autophagy receptor with roles in aggrephagy and xenophagy p62 is a multi-functional protein with roles in selective autophagy as well as many signaling pathways such as the NF-κB pathway [66, 77] . Here we will consider its role in multiple ubiquitin-mediated selective autophagy processes, including aggrephagy, xenophagy, and later mitophagy (considered in the next section). While review of p62 involvement in multiple signaling pathways is beyond the scope of this review, we will also briefly consider the role of p62 in the Keap1-Nrf signaling pathway given the intersection with the autophagy pathway.
p62 is a multi-domain protein that includes an UBA (ubiquitin-associated domain) domain, a PB1 oligomerization domain important for the aggregation of ubiquitylated aggregates, and a LIR motif for ATG8 interaction [52, [78] [79] [80] . p62 was initially shown to be incorporated in ubiquitylated protein aggregates, including neurodegenerative inclusion bodies associated with Alzheimer's disease, Huntington's disease, and Parkinson's disease [81] [82] [83] . The importance of this association became clear with the identification of a conserved LIR motif on p62 that is recognized by autophagosome-associated ATG8 proteins in order to link ubiquitylated protein aggregates bound by p62 to autophagosomes for eventual degradation [52] . This represented the first description of a LIR motif and thereby how a selective autophagy receptor physically links itself to the autophagosomal membrane for delivery of cargo. Interestingly, while delivery of ubiquitylated cargo to the autophagosome via p62 requires interaction with ATG8s, p62 is able to localize to autophagosome sites without an active LIR motif [84] . This speaks to a further level of regulation of cargo recruitment and autophagosome initiation that may be in part explained by the discovery of scaffold proteins such as HTT, as described above and discussed in more detail below [32] . Knockout studies in mice and Drosophila confirmed p62 is important for the aggregation of ubiquitylated proteins and plays a role in their autophagic degradation in vivo [85, 86] . These findings in part explained the neurodegenerative phenotypes associated with accumulation of ubiquitylated protein aggregates seen in mice with central nervous system (CNS) loss of autophagy (ATG5/7 knockout) [87, 88] . With the discovery of p62 as a selective autophagy receptor, it became clear that selective autophagy of protein aggregates may play an important role in neurodegenerative diseases [83] . Given the importance of this degradation pathway, it is not surprising that there is a significant amount of redundancy with multiple selective autophagy receptors also mediating aggrephagy including NBR1 and OPTN [54, 71] .
Further study is required in order to understand the regulation of aggrephagy and how specific selective autophagy receptors are activated for this process. Research on p62 has revealed some of the regulation of aggrephagy via p62 intrinsic and extrinsic mechanisms and suggests potentially conserved mechanisms for selective autophagy receptor regulation in general. The affinity of p62 for ubiquitin is low but is enhanced by phosphorylation at residue 403 within the p62 UBA domain via kinases, including Casein kinase 2 (CK2) [89] . While CK2 phosphorylation is not stimulated in response to aggregation, one model suggests that a pool of phosphorylated p62 surveys the cell for poly-ubiquitylated aggregates and binds them for autophagic targeting. As binding of poly-ubiquitin to the UBA domain inhibits dephosphorylation, an increase in poly-ubiquitylated aggregates in the cell such as in the situation of proteasome overload or inhibition then shifts the balance of p62 to the phosphorylated form thereby enhancing aggrephagy [89] . Another intrinsic feature of p62 that contributes to aggrephagy is its ability to oligomerize via its PB1 domain thereby increasing the avidity of p62 for membrane surface clustered LC3B and ubiquitylated aggregates [79, 90, 91] . Oligomerization therefore links selection of phagophore and ubiquitylated cargo. Furthermore, p62 oligomer complexes facilitate membrane bending and in combination with the tight membrane association of these complexes promote completion of capture of p62-bound aggregates in the autophagosome for delivery to the lysosome. These mechanisms may in part be conserved as other selective autophagy receptors including OPTN are phosphorylated near their UBDs to modulate poly-ubiquitinbinding [60] and both NBR1 and OPTN have the potential to oligomerize [54, 92] .
Several recent studies highlight the complexity of extrinsic regulation of p62 function in aggrephagy. Similar to the above-described role of HTT in coordinating the activation of selective autophagy by binding ULK1 and p62 simultaneously, there are additional auxiliary autophagy machinery that can regulate and promote selective autophagic clearance of aggregates. For example, the ubiquitin-binding deacetylase HDAC6 can bind poly-ubiquitylated aggregates recognized by p62 and subsequently recruit components of the actin cytoskeleton important in mediating autophagosome-lysosome fusion [93] . Notably, HDAC6 functions selectively during basal autophagy as opposed to bulk-starvation induced autophagy, thereby adding another layer of specificity to the selective autophagic process. Another additional regulator of selective autophagy is ALFY, a large multi-domain protein that interacts with PI3P containing membranes and has been shown to be recruited to ubiquitylated inclusion bodies [94] . Furthermore, ALFY acts as a scaffold to mediate a complex between p62-poly-ubiquitylated cargo complexes and autophagic machinery (including the ATG5-12-16L1 complex and LC3) and promotes selective autophagic degradation of protein aggregates [95] . Clearly, selective autophagy receptor regulation is a complex process, with multiple layers of regulation yet to be discovered. It is not surprising that selective autophagy is a tightly regulated process given the energetic and mechanistic costs of inappropriately degrading functional protein complexes.
Of note, p62 has no yeast homolog and until recently it was unclear whether ubiquitinmediated selective autophagy existed in yeast. A recent study with the express purpose of identifying yeast proteins that had both ubiquitin-binding and ATG8-interacting regions identified Cue5 and the corresponding mammalian protein, TOLLIP, as ubiquitin-mediated selective autophagy receptors [58] . Further work showed that these may be important in selective autophagic degradation of ubiquitylated protein aggregates including those found in Huntington's disease. This further highlights the importance of this selective autophagic pathway for cellular homeostasis with conservation from yeast to mammals. While the ubiquitin E3 ligases (Rsp5, Ubc4, and Ubc5) responsible for ubiquitylating a portion of Cue5 autophagic cargos were identified, other E3 ligases likely exist for this process [58] . Indeed, while the machinery for ubiquitylation of autophagic cargo substrates is shared with that for the proteasome and some of the specific E3 ligases and substrates for ubiquitylation within aggregates have been identified, this is an area for further research [6] .
p62 is also involved in the selective autophagy of ubiquitylated cytosolic bacteria in a process called xenophagy (selective autophagy of pathogens including bacteria and viruses) [18, 62] . Indeed, autophagy had been implicated in the degradation of cytosolic bacteria as part of the innate immune system for several decades but the molecular details for targeting have only recently become clear. While initially demonstrated for Rickettsia conorri bacteria and subsequently shown to be a conserved mechanism across many bacterial types, much of the work demonstrating selective autophagy receptor dependence in xenophagy has centered on the Salmonella enterica, serovar Typhimurium (S. typhimurium) [96] . S. typhimurium invades cells, proliferates and evades the immune system in a specialized Salmonella containing vacuole (SCV) [97] . S. typhimurium will occasionally damage the SCV leading to their extrusion into the cytosol where they are rapidly ubiquitylated by unknown E3 ligases on unknown substrate proteins [98] . Cytosolic poly-ubiquitylated bacteria are subsequently recognized by selective autophagic receptors, including p62, for selective autophagic degradation [72] . Xenophagy limits intracellular bacterial burden and loss of autophagy leads to increased bacterial replication. Multiple subsequent studies showed that, NDP52, OPTN, and TAX1BP1 also act as selective autophagy receptors for xenophagy [55, 57, 73] . Of note, there are additional non-ubiquitin signals that are recognized in xenophagy. In one example, damaged SCVs expose a β-galactoside sugar which is recognized by cytosolic galectin 8 which is in turn recognized by NDP52 for degradation of the SCV in autophagosomes [99] . While it is clear that each of the studied selective autophagy receptors contribute to xenophagy, further work is required to clarify the relative contributions of each. Much work has been performed examining the role of autophagy and selective autophagy and how it is integrated with the host immune response in a wide variety of bacterial and viral infections and is reviewed elsewhere [18, 62, 100, 101] . Understanding the role of selective autophagy here may prove relevant for future therapeutic intervention.
Remarkably, p62 is also involved in selection of autophagic cargo via non-ubiquitin signals. One example involves Nrf2, a transcription factor with critical roles in the anti-oxidant response [102] . p62 mediates selective autophagic degradation of the E3 ligase Keap1 that constitutively targets Nrf2 for proteasomal turnover thereby regulating the Keap1-Nrf2 oxidative stress response pathway [103] . p62 has a Keap1 interacting region (KIR) that competes for Nrf2 binding on Keap1 thereby leading to stabilization of Nrf2 [104] . Therefore alterations in p62 levels via autophagy activation or inhibition can lead to alterations in Nrf2 activity, comprising a selective autophagic pathway for regulation of Nrf2. Furthermore, p62 is a target of the Nrf2 transcriptional response thereby leading to a p62-mediated positive feedback loop after Nrf2 activation [105] . The above examples highlight the complexity of just one of the selective autophagy receptors. Indeed, p62 has further roles in selective autophagy including participating in mitochondrial autophagy, namely mitophagy (described below).
PINK1/PARKIN mediated mitophagy
The most well studied selective autophagic pathway to date involves maintenance of mitochondrial fitness, known as mitophagy. There are multiple selective pathways for mitophagy that are cue and context specific including FUNDC1 mediated hypoxia-induced mitophagy, NIX mediated mitophagy during erythroid differentiation, and PINK1/PARKIN mitophagy implicated during non-hypoxic mitochondrial damage and in neurodegenerative diseases including Parkinson's disease and amyotrophic lateral sclerosis (ALS) [15, 60, 64, [106] [107] [108] (Table 1 and 2) . Through a series of elegant biochemical and cell biological studies, the molecular mechanisms of PINK1/PARKIN mediated mitophagy have recently become clear [60, 61] . Here we will discuss this pathway as an example of the complex nature of selective autophagy regulation. The upstream events of selective autophagy receptor recruitment are critical to mitophagy and involve a signal transduction pathway including the protein kinase PINK1 and ubiquitin E3 ligase PARKIN [109] . PINK1 is stabilized on the mitochondrial outer membrane in response to mitochondrial damage and PINK1 phosphorylates both cytoplasmic PARKIN as well as ubiquitin present on mitochondria [110] [111] [112] [113] [114] . PARKIN phosphorylation as well as binding to phosphorylated ubiquitin on the mitochondria leads to PARKIN activation with the generation of ubiquitin chains of varying linkages on multiple mitochondrial outer membrane (MOM) proteins [114] [115] [116] . Multiple studies have identified the selective autophagy receptors, OPTN, p62, TAX1BP1, and NDP52 as critical for the recognition of these ubiquitylated mitochondrial proteins for mitophagy [60, 61, 67] . This recognition occurs through UBAN and ZNF domains in OPTN, a UBA domain in p62 as above, and a UBZ domain in NDP52 [60] .
A recent study unraveled a further upstream step in the regulation of this pathway. After being activated by an unknown kinase in response to mitochondrial damage, TBK1 promotes phosphorylation of OPTN at the LIR site to promote ATG8 interaction. TBK1 also phosphorylates near the OPTN ubiquitin-binding UBAN domain to enhance ubiquitin binding, leading to retention of OPTN on ubiquitylated mitochondria thereby promoting mitophagy. This cascade further activates TBK1 in a self-reinforcing loop ( [60] Figure 7) . The relevance of mitophagy to neurodegenerative diseases is clear given work in murine models and the existence of mutated forms of PINK1 and PARKIN in forms of Parkinson's Disease as well as ALS patient-derived mutations in p62, OPTN, and TBK1 [67, 109, [117] [118] [119] [120] . Beyond its role in neurodegenerative diseases, further work is required to understand the importance of mitophagy in other tissues and pathologic conditions for which mouse models to monitor mitophagy have been recently developed [121] . The molecular mechanisms of PINK1/PARKIN mediated mitophagy described above illustrate how complex systems have evolved in order to carefully regulate selective autophagy pathways as inappropriate activation or deactivation could lead to pathologic states. Further work is required in order to unravel the likely equally complex regulatory systems for other selective autophagic pathways.
Here we have highlighted a few salient examples of the known ubiquitin-dependent selective autophagy pathways highlighting the principles of selective autophagy including: 1. Presence of a degradation cue (aggregated proteins, damaged mitochondria, intracellular bacteria), 2. Cargo recognition via a so-called 'selective autophagy receptor' protein (recognition of ubiquitylated cargo via UBDs in selective autophagy receptors), and 3. Recruitment of autophagosome machinery and membrane for eventual delivery to the lysosome for degradation (LC3 interacting motifs on selective autophagy receptors). Additional modes of ubiquitin-dependent selective autophagy exist as detailed in Table 1 and more are likely to be discovered.
Ubiquitin-independent selective autophagy
Recently there has been a significant increase [6] in the number of recognized ubiquitinindependent selective autophagy pathways (Table 2) . Ubiquitin-independent selective autophagy receptors identify a wide variety of protein, lipid or sugar-based signals (Table 2) . While initially identified in yeast where it was thought ubiquitin-dependent pathways did not exist, more recent studies have identified a large number of ubiquitinindependent processes in higher eukaryotes [6, 122] . Important work has allowed the field to progress beyond mechanistic questions to further understand the in vivo relevance of these pathways. Here we highlight two recently identified ubiquitin-independent selective autophagy receptors as models of this process: NCOA4 for ferritinophagy (ferritin autophagy) and the FAM134 protein family for ER-phagy (endoplasmic reticulum autophagy) [13, 14, 16] .
NCOA4-mediated ferritinophagy
In work from our laboratory, we reasoned that proteins intimately involved in cargo selection and recruitment to autophagosomes would be tightly associated with autophagosomal membranes. Therefore, in an effort to identify new selective autophagy receptor-cargo pairs, we devised a quantitative autophagosomal proteomics approach that would allow us to identify proteins selectively enriched in autophagosomes [13] . While previously identified as a nuclear receptor coactivating protein [141] , NCOA4 was highly enriched in autophagosomes and interaction proteomics revealed ferritin heavy and light chains (FTH1, FTL), the intracellular iron storage complex, as high confidence interacting proteins [13] . Iron has an essential role in multiple cellular processes, therefore regulating iron levels in the cell is critical [142] . Prior research showed that when iron levels in the cell are low, ferritin is degraded via autophagy allowing the release of iron for use by the cell [143] . We found that NCOA4 was important for ferritin delivery to autophagosomes, and as NCOA4-deficient cells were impaired in their ability to degrade ferritin and release their iron intracellularly, this led to decreased bioavailable intracellular iron. This work as well as subsequent work by Dowdle et al. identified NCOA4 as a selective autophagy receptor for autophagic degradation of ferritin (ferritinophagy), which is critical for cellular iron homeostasis ( Figure  3 ) [13, 14] .
While NCOA4 associated with multiple Atg8 proteins in an in vitro binding assay, we were unable to identify a canonical LC3-interacting region (LIR) motif in NCOA4, although the existence of non-canonical ATG8-binding motifs may suggest that NCOA4 uses such an alternative motif for interaction (Figure 3a ) [42] . Of note, Mizushima and colleagues subsequently published an ultrastructural analysis study of MEFs knocked out for various ATG proteins and showed that despite lacking ATG8s localized to the autophagosome membrane, ferritin clusters accumulated at the autophagosome formation site, similar to p62 not requiring ATG8s for autophagosome localization as discussed above [144] . Therefore, additional research is required to understand the recruitment of NCOA4 and thereby ferritin to autophagosomes.
In terms of cargo recognition, NCOA4 appears to be specific for ferritin as other autophagic substrates have yet to be identified in interaction proteomics experiments. We showed that NCOA4 interacts directly with the FTH1 subunit of ferritin via a conserved NCOA4 Cterminal domain and a key conserved residue on FTH1 [145] . Mutation at these binding sites abrogates binding in vivo and abolishes ferritinophagy. Further structural work would be required to elucidate the molecular mechanisms of this interaction.
The ferritinophagy pathway is regulated by cellular iron levels via a NCOA4-interacting protein we identified, the multifunctional HERC2 ubiquitin E3 ligase [13] . HERC2 uses its 'CUL7-homology domain' to recognize a C-terminal domain in NCOA4 under high iron conditions to mediate NCOA4 turnover via the ubiquitin-proteasome system, thereby reducing the steady-state NCOA4 levels and increasing ferritin for iron storage (Figure 3b) . Surprisingly, we found that this C-terminal domain within NCOA4 binds iron and the ironbound state of NCOA4 determines HERC2 binding, suggesting an iron-dependent switch for NCOA4 turnover (Figure 3b ) [145] . Further work is required in order to understand whether other levels of regulation exist for the pathway including a potential link to cellular oxidative stress given the intimate link between iron levels and reactive oxygen species [146, 147] .
Having established the importance and regulation of NCOA4 for intracellular iron homeostasis, we sought to understand the role of NCOA4 in iron-dependent processes on an organismal level. Initial links between NCOA4 and processes with a requirement for high iron availability came from expression studies where ncoa4 mRNA is high at sites of erythropoiesis during zebrafish development [148] . Using a zebrafish model and a hemininduced erythroid-like K562 cell line, we showed that NCOA4-mediated ferritinophagy is important for erythropoiesis in vivo given its role in mobilizing iron from ferritin for use in heme synthesis (Figure 3c ) [145] . This study established the importance of NCOA4 as a critical regulator of cellular and organismal iron metabolism and revealed the mechanism of its iron-dependent regulation.
A recent study by Carlomagno further examined the role of NCOA4 in regulating systemic iron homeostasis in a genetically engineered mouse model of NCOA4 deficiency [149] . Consistent with the role of NCOA4 in degrading ferritin, NCOA4-null mice inappropriately accumulate iron-laden ferritin in all tissues evaluated. As NCOA4-null mice are unable to mobilize iron from ferritin, they develop a hypochromic microcytic anemia that is significantly worsened when they were fed a low-iron diet. Interestingly, when these mice were fed a high iron diet, they developed significant increases in ferritin deposits as well as increases in serum concentrations of alanine and aspartate liver transferases, fatty liver degeneration, and premature death compared to a wild-type cohort. The authors hypothesize that enhanced basal levels of tissue iron in NCOA4-null mice saturate anti-oxidant pathways leading to liver damage. As such, scavenger proteins implicated in the anti-oxidative stress response such as superoxide dismutase (SOD) and glutathione peroxidase (GPx) were expressed at significantly higher levels in NCOA4-null mice. As part of its role in maintaining iron homeostasis, NCOA4 may also play an important role in modulating organismal oxidative stress levels [149] .
It remains to be determined what the physiologic importance of NCOA4-ferritinophagy is in non-erythroid tissues, including in CNS development and neurodegenerative diseases given the recent discovery of a group of patients with neurodegeneration and brain iron accumulation with mutations in autophagic proteins (Figure 3c) [142, 150, 151] .
ER-phagy
As with mitochondria, maintaining organellar quality and quantity is important for cellular homeostasis. Recent work from Khaminets et al. and Mochida et al. identified selective autophagy receptors for the endoplasmic reticulum (ER) in mammalian cells (FAM134B) and yeast cells (Atg40) respectively [16, 17] . Khaminets and colleagues used results from an LC3 interactome study to identify potential selective autophagy receptors, initially identifying NBR1 as a selective autophagy receptor [54] . Also identified in this screen and confirmed as ATG8 interactors containing a LIR motif were members of the reticulonhomology-domain-containing FAM134 protein family (FAM134A, B, and C). They focused on this hit given mutations (truncations Q145X and S309X) resulted in a sensory neuropathy including impaired pain reception in affected patients [152] . Significantly, these truncations end prior to the identified LIR motif already suggesting a potential molecular pathogenic explanation related to a selective autophagy function. In their study, FAM134B co-localized predominantly with cisternal endoplasmic reticulum markers CLIMP-62 and SEC61B and was found to be ER-membrane anchored with the ability to remodel membranes via its reticulon homology domain. The authors went on to show that FAM134B co-localized with LC3-positive autophagosomes and over-expression led to increased accumulation of ERstructures in lysosomes. FAM134B knockdown or LIR-deficient mutant expressing cells conversely showed less ER localization with LC3-positive autophagosomes and decreased ER fragmentation and degradation. The author's work identified FAM134B as a selective autophagy receptor for the delivery of ER into lysosomes (ER-phagy) that is critical for overall ER homeostasis. In cell culture studies, FAM134B was also critical for cell survival in the setting of stress conditions as FAM134B-deficient cell lines showed decreased cell viability upon stress. They extended their work to the in vivo setting with Fam134b −/− mice, where phenotypic analysis of aged mice recapitulated findings from the associated human diseases, including increased sensitivity towards noxious heat and decreased sensory axon numbers, suggesting affects on neuronal health.
The importance of this pathway was highlighted by a parallel report showing an evolutionarily conserved pathway in yeast involving Atg40 as a mediator of ER-phagy that was critical for ER turnover and cellular fitness in the setting of various stress conditions [17] . Much remains to be discovered with regards to ER-phagy including the regulation of the pathway and whether this involves any post-translational modifications.
NCOA4-mediated ferritinophagy and ER-phagy are representative of a growing class of selective autophagy receptors that recognize cargo via ubiquitin-independent signals and in many instances appear specialized for degradation of one substrate cargo. These selective autophagy receptors are involved in a diverse set of disease pathways thereby further implicating selective autophagy in human health and disease.
Autophagy in cancer
In addition to the role of selective autophagy in inherited diseases (e.g. ER-phagy) or many neurodegenerative diseases (where loss of autophagy activity associated with aging can lead to disease), there is a growing recognition that selective autophagy is involved in regulating cancer. The role of autophagy in cancer is extremely complex, as demonstrated by a growing literature describing situations where autophagy can either promote or inhibit tumorigenesis [2, 10, 11, 153] . The most likely explanation is that the role of autophagy in cancer is dynamic with both tumor suppressive and pro-tumorigenic roles, which depend on multiple factors including tumor stage, cellular context and tissue of origin. Recent work has brought to light tumor suppressive selective autophagy pathways that can mitigate oncogenic signals and conversely selective autophagic pathways that support tumor maintenance and progression. Here we will briefly review the role of autophagy in cancer (for more in-depth reviews, please see [2, 10, 11, 153] ) and highlight recent advances in our understanding of the importance of selective autophagy in cancer first as a tumor suppressive and second as protumorigenic mechanism. 
Autophagy in tumor suppression
Autophagy was initially considered a mechanism by which to suppress tumor initiation. Indirect evidence of this tumor suppressive role was based on oncogene and tumor suppressor gene alterations such as AKT amplification, PI3K mutation or Pten loss that were associated with a loss of autophagy activation [2] . This suggested that active autophagy prevented the oncogenic transformation of cells. More direct evidence of autophagy as a tumor suppressor came from mouse genetic studies of core autophagy machinery including ATG5, ATG7, and BECN1 (Beclin-1) showing that when autophagy is impaired, there is an increase in tumor initiation [154] [155] [156] [157] . In most instances, the tumors that develop in models where autophagy is completely ablated are benign lesions [156] . One notable exception is the BECN1 study, where heterozygous mice were used. In this case, tumors were able to progress in some instances to malignant lesions. This may reflect the fact that these mice, while autophagy impaired, still were autophagy competent [154] . Together the data suggests that while autophagy loss may predispose to tumor initiation, it also supports the transformation to invasive cancers. Of note, while initial studies on BECN1 showed that many breast and ovarian cancers have a single copy loss of this gene, more recent large-scale sequencing studies suggest that this may be a passenger alteration given the proximity of BRCA1 and the lack of any BECN1-only alterations in cancers [158] . It remains to be seen whether loss of function of other autophagy machinery, including selective autophagy receptors may play a role in tumor initiation.
From a mechanistic standpoint, inhibition of autophagy leads to an accumulation of reactive oxygen species, increased DNA damage, and mitochondrial defects, all implicated in tumorigenesis [10] . Interestingly, studies on p62 and tumorigenesis suggest a potential mechanistic link to selective autophagy. In mouse models with defective autophagy, subsequent p62 ablation reduces tumorigenesis suggesting that p62 accumulation upon autophagy loss can contribute to tumorigenesis [157] . Conversely, p62 over-expression promotes oxidative stress and tumor growth [159] . Indeed, amplification of chromosome 5q and thereby p62 expression is implicated in clear cell renal cell carcinoma [160] . As p62 has roles in selective autophagy as well as many signaling pathways, more research is required to understand the precise roles and importance of p62 in tumor progression.
Another potential mechanism for tumor suppression by autophagy is via its role in cellular senescence. Cellular senescence is a program of permanent arrest of the cell division cycle that can be induced by cells in response to oncogenes in order to prevent malignant transformation [161] . Notably, many studies have shown autophagy is upregulated during the cellular senescence program. However, there are conflicting reports that suggest autophagy inhibition promotes cellular senescence [162] . A recent study unraveled this conflicting evidence regarding the role of autophagy as either supportive or inhibitory of cellular senescence and identified a selective autophagic process important in regulating cellular senescence [140] . The authors identify the transcription factor GATA4 as a master regulator of the cellular senescence program and the senescence associated secretory phenotype (SASP) [163] . Furthermore, GATA4 levels are regulated by p62-mediated selective autophagy. They first show that GATA4 is turned over basally via p62 selective autophagy. Upon senescence activating stimuli such as oncogene-induced stress or DNA damage, GATA4 selective autophagy is disrupted thereby stabilizing GATA4 and allowing for translocation of GATA4 to the nucleus where it activates the cellular senescence program and SASP (Figure 4 ).
With the identification of GATA4 as a regulator of senescence and a substrate for selective autophagy, the authors were able to experimentally untangle the role of autophagy in senescence. Transiently inhibiting autophagy led to the accumulation of GATA4, thereby inducing the cellular senescence program. Autophagy activity was subsequently restored allowing general autophagy to support a senescence program. The cellular response to transient autophagy inhibition was induction of the cellular senescence program. Conversely with longterm inhibition of autophagy, cellular senescence was not induced. While GATA4 levels were high with long-term autophagy inhibition, senescence initiation was inhibited as general autophagy was not available to support the senescence phenotype. p62 depletion leads to a robust activation of the senescence response due to accumulation of GATA4 further supporting this model. The authors conclude that p62-directed selective autophagy of GATA4 is an antisenescence mechanism while general autophagy acts as a pro-senescence factor.
Examples of selective autophagy as a tumor suppressor
Selective autophagy has been directly implicated as tumor suppressive in multiple studies, several of which are highlighted here. Dou et al. identified Lamin B1, a nuclear lamina protein, as a selective autophagy receptor for nuclear lamina that may be important for initiating cellular senescence and thereby suppressing tumorigenesis [139] . The same group had previously identified a lysosome-mediated processing of chromatin during senescence. However, it was unclear whether this was autophagy-related [164] . Furthermore, prior work had shown pools of autophagy proteins present in the nucleus, including ATG8/LC3. Whether they were involved in degrading nuclear components was unclear [165, 166] . The authors identified an LC3-Lamin B1 interaction in the nucleus basally in the absence of any stimuli, nonetheless Lamin B1 was not found in autophagosomes basally. As prior work showed that Lamin B1 is lost during oncogenic insults and that most primary cells and tissues induce senescence (and autophagy) in response to oncogenic Ras expression, the authors reasoned that oncogenic stress may lead to Lamin B1 mediated nuclear lamina autophagy [167] . Ras-oncogene expression led to Lamin B1 colocalization within autophagosomes, induction of autophagy, reduction of perinuclear heterochromatin, nuclear membrane blebbing, and presence of cytoplasmic chromatin fragments (Figure 4) . Lamin B1-mediated selective autophagy of nuclear lamina led to impaired cell proliferation and global alterations of the epigenome and transcriptome all supporting a program of cellular senescence and therefore tumor suppression [139, 168] . Of note, Lamin B1 associates with transcriptionally inactive heterochromatin domains raising the question as to why already silenced chromatin would be degraded via this pathway to mediate senescence. In addition, it would be interesting to correlate the specific chromatin regions identified as degraded in this study with large-scale genomic analyses in KRas mutant tumors.
There are a number of other studies supporting the role of selective autophagy in maintaining genomic stability. For instance, p62 and NDP52 were recently identified as selective autophagy receptors for RNA retrotransposon containing granules, thereby implicating selective autophagy in the control of retrotransposon insertion into the genome [68] . Loss of autophagy leads to an increase in retrotransposon genomic insertions and a loss of selective autophagy could therefore be implicated in tumorigenesis. Another link between selective autophagy and maintenance of cellular homeostasis to prevent tumorigenesis is that of the selective degradation of activated RHOA via p62 to maintain appropriate RHOA levels and localization. Loss of autophagy leads to an inappropriate accumulation of active RHOA at the midbody leading to increased cell size, cytokinesis failure, increased DNA content, aneuploidy, and escaped apoptosis [137, 138] . The authors show a positive correlation between autophagy defects and the higher expression of RHOA in human lung carcinomas.
While additional examples of selective autophagy acting in a tumor suppressive manner exist [10, 169] , further work is required to broaden our understanding of the complex role of autophagy in tumor suppression, what other selective autophagy pathways are involved and how they are regulated by cells.
Pro-tumorigenic functions of autophagy
A substantial amount of evidence suggests autophagy also functions in multiple cancer types including pancreatic ductal adenocarcinoma (PDAC), Kras and B-raf driven lung cancers [170, 171] , melanoma, and CNS malignancies to sustain growth of fully formed tumors [10, 172, 173] . Although autophagy is present in all tissues at low levels for homeostatic functions, many groups have identified that autophagy is elevated in RASdriven cancers and is crucial for tumor growth [174] [175] [176] [177] . Inhibition of autophagy pharmacologically with chloroquine (CQ) or hydroxychloroquine (HCQ), as well as genetically, demonstrated significant responses in cancers using both in vitro and in vivo systems. These systems include Kras-driven autochthonous pancreatic and lung cancer models [174, [178] [179] [180] [181] . Of note, a recent study called into question the reliance of tumor cell lines on autophagy [182] . This discrepancy with a large number of prior studies may be due to multiple experimental differences, and many studies continue to support the idea that autophagy inhibition has anti-tumor effects in multiple cancer types through both cell autonomous and non-autonomous mechanisms [2, 10, 11, 153, 171] .
As CQ and HCQ have been used in patients for many years for a variety of indications, testing this as a therapeutic approach in cancer patients is feasible and currently ongoing [2, 183] . As these agents act on the lysosome by inhibiting lysosomal acidification they inhibit the late stages of autophagy at the level of autophagosome maturation and cargo degradation [183] . In addition, these drugs may have other non-autophagy specific therapeutic effects as they block other processes that depend on lysosomal activity. Given the poor pharmacokinetics and unclear pharmacodynamic properties of HCQ at the doses currently used in the clinic, multiple other potentially targetable proteins critical to autophagy (kinases such as ULK1 and VPS34, E1-like proteins such as ATG7, and proteases such as ATG4b) are being pursued as targets for autophagy inhibition [184, 185] . As described below, there is the potential for identification of selective autophagic cargo that are important for sustaining tumor proliferation. Identification of these selective autophagy pathways may provide an even more targeted approach for autophagy inhibition in cancer.
Examples where selective autophagy supports tumor growth
From a mechanistic standpoint, the role of autophagy in supporting tumor proliferation is complex but likely centers around an increased metabolic and biosynthetic need in rapidly dividing cells in an austere tumor microenvironment [172] . The question of how a tumor cell maintains high basal autophagic flux at all times suggests that unlike bulk autophagy or starvation-induced autophagy there is some selectivity built into the process. Selective autophagy has been shown to be involved in promoting cancer cell survival both at a basal level as well as in response to stressors such as chemotherapy or targeted therapies [169] . Selective autophagy has been shown to be important in tumor cells undergoing hypoxia, which is commonly found in the tumor microenvironment [64, 65] . Here, tumors may rely on hypoxia-inducible mitophagy pathways to support cellular fitness. Genomic instability can lead to a high degree of protein misfolding and while the proteasome is equipped to degrade many misfolded proteins, at times the ubiquitin proteasome system can be overwhelmed or unable to deal with large protein aggregates [53] . In these cases where the proteasome is overwhelmed, selective autophagy via various autophagy receptors can play a role in aggrephagy in order to maintain tumor cell fitness. Given this dual reliance on the proteasome and autophagy, one therapeutic strategy being tested currently is dual inhibition of the proteasome and the autophagy lysosome system [186] . Here we present several recent examples of selective autophagy supporting tumor cell fitness that may suggest targets for therapy with potential therapeutic windows.
Multiple groups have studied the importance of autophagy in tumors driven by oncogenic Ras. One study looked at the selective remodeling of the proteome in response to autophagy inhibition [187] . Prior work had shown that autophagy ablation in non-small cell lung carcinomas causes elevated inflammatory responses and suppresses tumor growth [188] . The relation of selective autophagy to this process was unclear, therefore the authors compared the proteomes of Ras-driven cancer cells with or without autophagy loss. They found a selective remodeling of the proteome in the autophagy competent tumors whereby proteins essential for survival were retained but pro-inflammatory proteins were eliminated. While the details of this selective targeting are unclear at this time, the authors noted that this discovery may translate to effective combinations of autophagy inhibition and immunotherapy.
Another potential role of selective autophagy in promoting or maintaining cancer cell survival would be in maintaining appropriate levels of signaling complexes or degrading proapoptotic proteins. In one example of tumor cells co-opting selective autophagy to maintain appropriate levels of oncogenic stimuli, Sandilands and colleagues defined a selective autophagy pathway important for regulating active Src levels in tumor cells to promote survival following loss of focal adhesion kinase (FAK) signaling [136] . The Src family of non-receptor tyrosine kinases is involved in signaling to promote cell adhesion, invasion, proliferation and survival [189] . Indeed Src proteins are frequently over-expressed and activated in solid cancers [190] . FAK is a critical binding partner that helps maintain Src at focal adhesions where its activity is regulated and directed [191] . In cancer cells where FAK expression is lost (due to cell detachment or FAK inhibition) or signaling is impaired, inappropriate Src activity can lead to reduced cancer cell viability. Sandilands examined the consequences of impaired FAK expression and activity on Src in a skin cancer model (squamous cell carcinoma) as well as pancreatic cancer model and noted that active Src is targeted for autophagic degradation upon loss of FAK activity [136] . They identified c-Cbl, an E3 ubiquitin ligase as a LIR-containing selective autophagy receptor essential for mediating selective autophagy of Src. Abrogation of autophagy generally or by specifically depleting c-Cbl in the setting of FAK loss led to a decrease in cell survival. The authors noted that FAK deletion likely leads to a transition of active Src from an oncogenic driver to an overactive kinase that is toxic and that cancer cells have adapted a selective autophagic pathway for degradation of overactive Src in this situation in order to survive. In subsequent work the authors also characterized a similar autophagic pathway for Ret, a receptor tyrosine kinase normally important in development but identified in multiple cancers as an oncogenic driver [192] . Here active Ret was degraded via autophagy upon altered or reduced FAK signaling. In this case the c-Cbl ligase was not required suggesting the existence of a Ret specific selective autophagy receptor yet to be discovered. The authors note that this work could impact the clinical use of FAK inhibitors and that dual inhibition of FAK and autophagy may be an efficacious combination.
Understanding the reliance of tumor cells on specific selective autophagic pathways may suggest vulnerabilities that can be exploited for therapeutic gain.
CONCLUSIONS AND PERSPECTIVES
Autophagic degradation of cellular contents is employed by eukaryotes from yeast to man in order to maintain cellular homeostasis and protect against disease. It is clear that selectivity is required for this system to function effectively at a basal level and in response to specific stimuli given the prospect of a routine bulk autophagic degradative response can be both an energetically and mechanistically unfavorable proposition. Selectivity is built into the autophagy system via a complex series of molecular machines with selective autophagy receptors central to this process, given they interact directly with the cargo as well as the autophagosomal targeting machinery (ATG8s). Selective autophagy receptors recognize their cargo by ubiquitin-dependent and -independent mechanisms. What is not yet clear is how the ubiquitin-dependent selective autophagy receptors determine specificity for their specific ubiquitylated substrates and what other molecules may play a role in determining this. While the overlap of selective autophagy receptors in mediating processes such as aggrephagy, mitophagy, and xenophagy suggests the importance of these pathways and some requirement for redundancy, we do not yet understand the relative contribution of each selective autophagy receptor for a pathway and how that may be encoded. We are now beginning to elucidate some of the regulation of these selective autophagy pathways, including how specific stimuli or stressors are sensed by the cell and then integrated by selective autophagy receptors and associated machinery. It is clear that post-translational modifications including phosphorylation and dephosphorylation play an important role.
Identifying the kinases and phosphatases involved in this regulation should be a key goal of future studies. It remains to be determined what other types of post-translational modifications may play a role in regulating the network. The recent increase in selective autophagy receptors identified is impressive, but not unexpected given the likely requirement for a multitude of selective autophagic processes in order to maintain cellular homeostasis and that multicellular organisms may even rely on distinct processes in different tissues. Indeed, selective autophagy receptors for multiple pathways including lipophagy [193] , granulophagy [194] , myelinophagy [195] , and ribophagy [196] have yet to be identified. Additionally, unidentified selective autophagic pathways likely exist including ones potentially similar to ferritinophagy in that they may be specific for regulating intracellular levels of critical metals or ions.
Understanding the role of selective autophagy receptors in vivo is of paramount importance given the phenotype of dysregulation of the pathway may only become apparent once tested in vivo. Recent work by Dikic and colleagues on ER-phagy illustrate the importance of studying these pathways in vivo as it more clearly defined how disrupted ER-phagy is relevant to an inherited human disease [16] . Further work understanding the importance of NCOA4-mediated ferritinophagy in vivo will identify the tissue compartments that rely on this process and how dysregulation of ferritinophagy may lead to disease. Likewise, the field will continue to learn from studying selective autophagy pathways using in vivo models [121, 197] . These same in vivo systems will be of use when attempting to understand the role of selective autophagy in cancer. Studying the role of selective autophagy pathways in cancer has in part unraveled the complex role of autophagy in cancer as tumor suppressive and pro-tumorigenic dependent on context. Importantly, understanding the precise roles of various forms of selective autophagy in maintaining tumor growth provides the opportunity to target these processes more selectively. The process and regulation of selective autophagy. The stages of autophagy (initiation, elongation, closure, maturation, and degradation) are shown. Cargo is sequestered in selective and bulk degradative manners via a double-membrane phagophore that fuses on itself to form the autophagosome. This subsequently fuses to the lysosome (autolysosome), where the cargo is degraded by lysosomal enzymes and degradation products are recycled to the cytosol by lysosomal transporters [198] . mTOR is a key regulator of bulk autophagy in response to changes in nutrient availability. During nutrient-replete conditions, mTOR is activated and autophagy is inhibited through repression of ULK1/2 (the mammalian homologs of ATG1). Upon nutrient depletion, the ULK1/2 complex is activated and can promote autophagy initiation. ULK1/2 is also activated at low energy states (an increased AMP/ATP ratio) by phosphorylation via AMPK as well as repression of mTORC1 activity. Activation of the selective autophagy pathway is via multiple specific stimuli and how and whether these stimuli engage the ULK complex in all circumstances is less well understood. Huntingtin (mammalian homology of yeast ATG11) was recently identified as a scaffold protein that can activate the ULK complex and bring a selective autophagy receptor into close proximity with activated ULK complex thereby linking activation of autophagosome formation with cargo destined for degradation. Also critical to autophagy initiation is the production of phosphatidylinositol-3-phosphate (PI3P) by the class III PI3K complex, here labeled 'PI(3)KC3' composed of Vps34, ATG14, ATG6/Beclin1 and p150 (Vps15). ATG9 containing vesicles contribute membrane to the growing autophagosome and likely participate in recruitment of other essential autophagy machinery (not shown) [29] . WIPI2 binds ATG16L1 to localize the ATG5-ATG12-ATG16L1 complex to autophagosomal membranes. This complex acts downstream of the ULK and PI(3)KC3 complexes in an E3-like manner to conjugate phosphatidylethanolamine (PE) to LC3-I to produce lipidated LC3-II that then associates with autophagosomal membranes and has roles in autophagosome membrane elongation. LC3-II is present on the outer and inner surfaces of the autophagosome (depicted as a green circle with orange PE moiety) and acts as the physical link between selective autophagy receptors and the autophagosome membrane. Selective autophagic cargos depicted here include ubiquitylated mitochondria, ubiquitylated bacteria (light green rounded rectangle), ubiquitylated protein aggregates recognized by a selective autophagy receptor (brown tangle), and nonubiquitylated cargo, such as ferritin (blue circle recognized by light blue oval depicting NCOA4). Ubiquitin-dependent and ubiquitin-independent selective autophagy. On the left, a prototypical selective autophagy receptor with an ubiquitin-binding domain (UBD) recognizes an ubiquitylated substrate (protein aggregate) and physically links the aggregate to the autophagosome via a LIR motif that binds to lipidated and autophagosome membrane associated ATG8 (LC3-II). On the right, FAM134B-mediated endoplasmic reticulum-phagy (ER-phagy), a ubiquitin-independent selective autophagy pathway is depicted. Here, FAM134B is an ER-membrane protein with a LIR motif that is recognized by autophagosome associated LC3-II in order to deliver predominantly cisternal ER to autophagosomes for degradation. NCOA4-mediated ferritinophagy pathway. (a) Iron (Fe) is sequestered in 24-mer ferritin complexes containing ferritin heavy and light chains. NCOA4 recognizes ferritin and delivers it to an incipient autophagosome. The molecular nature of the NCOA4-autophagosome interaction is unclear but likely involves interaction with LC3-II potentially via a non-canonical LIR motif. Degradation of ferritin in an autolysosome releases iron, which is exported to the cytosol. (b) NCOA4 levels and thereby ferritinophagy are regulated by iron levels in the cell. Under high iron/iron replete conditions, NCOA4 is recognized by HERC2, an E3 ubiquitin ligase, in an iron-dependent manner and targeted for proteasomal degradation. In tandem, NCOA4 is also targeted for autophagic degradation. A lower level of NCOA4 therefore decreases flux through the ferritinophagy pathway. (c) Liberated iron can be used in many iron-dependent processes including heme synthesis, which is required for hemoglobin synthesis during erythroid differentiation. Furthermore, NCOA4-mediated ferritinophagy is important for other physiological processes such as maintenance of liver iron homeostasis. Further research will be required to understand the role of NCOA4 in CNS development and pathophysiology of iron-associated neurodegenerative disorders. Selective autophagy in cancer. (a) Cellular senescence is a barrier to tumorigenesis and selective autophagy explains the conflicting reports about the role of autophagy in senescence. Normal proliferating cells basally degrade the pro-senescence transcription factor GATA4 via p62 selective autophagy. The molecular details of the GATA4-p62 interaction and its regulation are currently unclear. (b) Upon oncogene-induced stress, the GATA4-p62 interaction is abrogated by an unknown mechanism thereby stabilizing GATA4.
(c) GATA4 translocates to the nucleus where it activates a senescence transcriptional program as well as a senescence associated secretory phenotype (SASP) transcriptional program. General autophagy is also stimulated at this time and is required to drive 
